The charge carrier mobility plays a significant role when designing new materials for organic electronic applications as it correlates with several key characteristics determining the performance of organic electronic devices. For instance, charge carrier transport directly affects the switching of organic field effect transistors (OFETs), and lower turn-on voltages are observed for organic light emitting diodes (OLEDs) based on materials with high mobility[@b1][@b2]. The mobility also influences charge carrier dynamics in organic photovoltaics (OPVs)[@b3][@b4]. A large number of π-conjugated small molecules have been designed and synthesised for OPVs[@b5][@b6][@b7][@b8], OLEDs[@b9][@b10], and OFETs[@b11]. With respect to their polymeric counterparts, the benefits of solution-processable small-molecule-based organic semiconductors arise from their high structural flexibility, easy availability, simple preparation and purification, well-defined structure, and batch-to-batch reproducibility[@b12][@b13][@b14].

Phenothiazine heterocycle is a well-known electron-rich compound due to the presence of nitrogen and sulphur hetero atoms[@b15]. Phenothiazines are good electron-donors in photo-excited charge transfer transitions, and display a low and reversible oxidation potential for the generation of a stable radical cation[@b16][@b17][@b18][@b19][@b20][@b21]. Their ability to suppress molecular aggregation due to butterfly conformation of phenothiazine[@b22], together with their attractive hole-transport characteristics have resulted in their use in dye sensitized solar cells (DSSCs) as photosensitizers[@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31], as well as in organic thin film transistors and OLEDs[@b32][@b33][@b34][@b35]. Molecular aggregation and the degree of disorder in phenothiazine films has a strong impact on their optical properties[@b36] and better film-forming properties are usually observed in systems for which aggregate formation is less likely to occur[@b37][@b38].

The state-of-the-art phenothiazines possess, however, fairly low bulk mobilities[@b32][@b33][@b34][@b35], which represents one key reason of the few reports existing on phenothiazines for organic photovoltaics[@b32][@b39][@b40][@b41][@b42][@b43]. To the best of our knowledge, as the only counter-example, high mobility values for charge-transfer complexes of iodine with N-methylphenothiazine (2:3 donor acceptor ratio) have been reported by Matsunaga in 1960s, where a complex cation radical of phenothiazine was proposed as the conductive species[@b44][@b45][@b46][@b47][@b48][@b49][@b50]. Finding a phenothiazine derivative combining high mobility, good film-forming properties and high light-harvesting capabilities would therefore be highly desired for various organic electronic applications.

Herein, we report the synthesis and characterisation of three newly designed push-pull *para*-methoxyphenyl *N*-substituted phenothiazine-based organic semiconductors (**O-1**, **O-2** and **O-3**) presented in [Fig. 1](#f1){ref-type="fig"}. Based on previous mobility data for *para*-methoxyphenyl *N*-substituted phenothiazines[@b29][@b31], the intramolecular charge transfer (ICT) character of phenothiazines can be improved by introducing substituents at C(3) and C(7) positions[@b28]. Extending the π-system of the phenothiazine increases ICT and consequently improves its charge transport properties[@b51][@b52]. Despite the several reports on such approach, the *para*-methoxyphenyl *N*-substituted phenothiazines already studied usually bear a cyanoacrylic moiety at C(3) position[@b53][@b54][@b55][@b56][@b57]. We envisioned that the substitution of such group with a stronger electron acceptor such as malononitrile would increase the ICT. In order to increase the electron density at the phenothiazine core, alkoxyaryl groups were added at the C(7) position; *para*-methoxyphenyl unit into **O-2** and 6-butoxynaphthalene into **O-3,** to induce solution processability due to bulkier molecular structure. We thoroughly investigated the effect of the donor unit at the C(7) position of 3-malononitrile *para*-methoxyphenyl *N*-substituted phenothiazines on the electrochemical, spectro scopic, and charge-transport properties. To our surprise, molecule **O-1** exhibited not only higher hole-mobility in comparison to **O-2** and **O-3** but, to the best of our knowledge, the highest bulk hole-mobility ever reported in the context of phenothiazine-based small molecules. The relation between the molecular structure, structural (X-ray) analysis, and the outstanding bulk mobility of **O-1** with respect to the other two proposed phenothiazines (**O-2**, **O-3**) is also discussed in detail.

Results and Discussion
======================

Synthesis
---------

The synthesis route of **O-1**, **O-2**, and **O-3** is depicted in [Fig. 2](#f2){ref-type="fig"}. 10-(4-Methoxyphenyl)-10*H*-phenothiazine 1 was prepared (75% yield) in one-step reaction via Ullmann-coupling of 4-iodoanisole and commercially available phenothiazine, according to a previously reported procedure[@b9]. The subsequent Vilsmeier-Haack formylation of 1 in 1,2-dichloroethane produced its mono-formyl derivative 2 in 85% yield. The Knoevenagel-condensation reaction of 2 with an excess amount of malononitrile in the presence of piperidine and chloroform afforded **O-1** in 87% yield. Bromination of 2 using *N*-bromosuccinimide (NBS) in chloroform produced its bromo-derivative 3 in 85% yield. Furthermore, Suzuki-coupling reaction of 3 with two different electron donors, 4-methoxyphenyl boronic acid and previously synthesized 2-(6-butoxynaphthalen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 7 in presence of catalyst Pd(PPh~3~)~4~ in inert atmosphere afforded compounds 4 and 5 in 66 and 65% of yields, respectively.

Finally, introduction of malononitrile to obtain **O-2** and **O-3** was achieved as described above for **O-1** in 85 and 81% yields, respectively. All the compounds were easily soluble in common organic solvents, which allowed their purification by column chromatography. All the reaction intermediates, as well as the final products, were characterized and confirmed by ^1^H NMR, ^13^C NMR and high-resolution mass spectroscopy (see [Supplementary Information, SI](#S1){ref-type="supplementary-material"}, [Figs S1--S11](#S1){ref-type="supplementary-material"}).

UV-vis spectroscopy
-------------------

The UV-vis absorption spectra (in units of molar absorptivity, ε) of **O-1**, **O-2**, and **O-3** in chloroform solution (concentration 10^−5^ M), together with the absorption spectra of thin films normalised at the Soret-transition (S0-S2) absorption maximum, are shown in [Fig. 3](#f3){ref-type="fig"} and summarised in [Table 1](#t1){ref-type="table"}. The absorption spectra of the three molecules show two distinct bands: one at 320--330 nm and another at 490--510 nm. The former corresponds to π-π\* electronic transition of the chromophores (Soret band). The latter is attributed to the intra- molecular charge transfer (ICT) from the donor to the acceptor moieties (Q band). As can be seen from [Fig. 3](#f3){ref-type="fig"}, the Soret and Q bands are comparable, with slightly higher intensity for the Soret bands. Furthermore, for compounds **O-2** and **O-3**, the absorption maxima are overlapping (shift in λ~max~ of 2 nm), while **O-1** absorption peaks are slightly blue-shifted by 12--13 nm. The red-shift of the absorption maxima of **O-2** and **O-3** with respect to **O-1** can be attributed to their slightly more extended conjugation. The absorption spectra of the films spin-coated onto glass substrates are bathocromically-shifted by 10--12 nm as compared to the spectra measured in solution, most likely due to chromophore-chromophore intermolecular interactions[@b58].

Electrochemical analysis
------------------------

The electrochemical properties of **O-1**, **O-2**, and **O-3** were determined by differential pulse voltammetry (DPV) in dichloromethane solution. The voltammograms, *i.e.* changes in current-voltage curves, are presented in SI with respect to the ferrocene couple ([Fig. S13](#S1){ref-type="supplementary-material"}). The highest occupied molecular orbital (HOMO) levels, corresponding to the ionization potentials of the materials, were derived from DPV and are presented in [Table 1](#t1){ref-type="table"}. All the compounds exhibited similar electrochemical properties: the HOMO values lie in the range of −5.24 to −5.29 eV. Since no clear reduction peaks were appreciated from the voltammograms of [Fig. S12](#S1){ref-type="supplementary-material"}, the LUMO values were derived from the optical bandgap (E~g~^opt^) reported in [Table 1](#t1){ref-type="table"}, as explained in the Methods section.

Thermal analysis
----------------

The thermal properties of **O-1**, **O-2**, and **O-3** were investigated with differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). Interestingly, given its lowest molecular weight in the series, DSC data in [Fig. S13a](#S1){ref-type="supplementary-material"} ([SI](#S1){ref-type="supplementary-material"}) showed a higher melting point for **O-1** (199 °C) compared to **O-2** (194 °C) and **O-3** (163 °C). This can be attributed to its molecular packing and tendency towards crystallisation, as detailed later on. In case of **O-3**, large drop in the melting point was observed as compared to **O-2**, probably due to the presence of the butyl chain. The thermal decomposition temperatures (T~d~) of the compounds were obtained from the TGA curves shown in [Fig. S13b](#S1){ref-type="supplementary-material"} ([SI](#S1){ref-type="supplementary-material"}), with an increasing trend with increasing molecular weight, *i.e.* **O-1 **\< **O-2 **\< **O-3**. The results of the thermal characterisation, summarized in [Table 1](#t1){ref-type="table"}, support the suitability of these materials for organic electronic device fabrication[@b59].

Hole mobility characterisation
------------------------------

The bulk hole mobility in films of **O-1**, **O-2**, and **O-3** was investigated by means of impedance spectroscopy[@b60] applied to hole-only devices. Upon injecting charge carriers, by applying a dc bias superimposed to small harmonic voltage modulation, dramatic changes were observed in the impedance spectra[@b61][@b62]. The transit time of charge carriers τ can be inferred from the peak frequency of the negative differential subsceptance[@b61][@b62] or from the peak frequency of the imaginary part of impedance (ImZ)[@b63]. For dispersive charge transport, the latter method is considered more convenient. Indeed, even in high dispersion conditions, clear peaks are observed in the ImZ spectrum[@b63].

The phenothiazine films for impedance spectroscopy measurements were deposited by spin-coating from chlorobenzene solutions. Differently from **O-2** and **O-3**, the optical properties of **O-1** films underwent a clear and spontaneous variation even at room temperature, leading in some hours to a change of colour visible to the naked eye. Moreover, the spectral variation of **O-1** films was greatly accelerated by the thermal treatment applied to remove the excess solvent. In [Fig. 4a](#f4){ref-type="fig"} the absorption spectrum of a freshly deposited **O-1** film is compared with that obtained after thermal annealing at 80 °C for 30 min (in an Ar-filled glove-box) and with that of a film stored at ambient temperature for around 10 h. In the latter two cases, the spectra are similar and broader compared to the spectrum of the freshly deposited **O-1** film, with an enhanced absorption toward lower energies. The spontaneous change in the spectral properties of **O-1** films at room temperature and upon thermal annealing indicates enhanced intermolecular electronic interactions, possibly due to evolution towards a more ordered arrangement of **O-1** molecules in the solid state. The described behaviour was not observed for **O-2** and **O-3** films, which preserved to a large extent the original spectral features upon thermal treatment at 110 °C for 30 min ([Fig. 4b and c](#f4){ref-type="fig"}). It should be noted that a lower temperature (80 °C), was applied for the thermal annealing of **O-1** films. That choice was motivated by the deterioration of **O-1** film compactness (appearance of pin-holes and cracks) upon heating above 80 °C, making them useless in the preparation of sandwich-type devices.

Hole-only devices for charge carrier mobility investigation were prepared with thermally annealed films, at 80 °C for **O-1**, and at 110 °C for **O-2** and **O-3**. The frequency dependence of ImZ for typical hole-only devices is shown in [Fig. 5](#f5){ref-type="fig"} for different values of the dc voltage. Clear peaks were observed for all molecules, shifting towards higher frequencies as the voltage increased. The transit time of charge carriers was obtained from the peak frequency through *τ* = *k*·*τ*~*p*~, where *τ*~*p*~ is the time constant corresponding to the peak frequency and *k* a constant dependent on the dispersion degree[@b63]. The value of 0.44 was assumed for *k*, reported for a moderate degree of dispersion[@b63].

The hole mobility *μ* was calculated by using the well-known expression , where *d* is the film thickness and *E* the electric field. The obtained values are displayed in [Fig. 6](#f6){ref-type="fig"} as a function of *E*^1/2^. An outstanding bulk mobility of positive charge carriers was achieved for **O-1** films, with values around 1 × 10^−3^ cm^2^ V^−1^ s^−1^. For **O-2** and **O-3**, *μ* dropped dramatically, by three orders of magnitude, as compared to **O-1** films, with values on the order of 10^−6^ cm^2^ V^−1^ s^−1^ in the same field range. The linear trend of mobility data for **O-2** and **O-3** shown in [Fig. 6](#f6){ref-type="fig"} indicates a Poole-Frenkel-type behaviour of mobility[@b64][@b65]:

where *μ*~*0*~ denotes the mobility at zero field and *γ* is the parameter describing how strong is the field dependence. The parameters for the Poole-Frenkel fit to the mobility data of **O-2** film are *μ*~*0*~ = 3.4 × 10^−7^ cm^2^ V^−1^ s^−1^ and *γ* = 9.9 ×^ ^10^−3^ (V cm^−1^)^−1/2^, while *μ*~*0*~ = 4.0 ×^ ^10^−7^ cm^2^ V^−1^ s^−1^ and *γ* = 6.2 ×^ ^10^−3^ (V cm^−1^)^−1/2^ were obtained for **O-3**.

To clarify the significant difference in charge transport properties of **O-1** with respect to **O-2** and **O-3**, we performed powder x-ray diffraction (XRD) analysis. The XRD patterns recorded on (i) film samples, prepared and treated in the same conditions used for the preparation of hole-only devices, and (ii) powder samples are compared in [Fig. 7](#f7){ref-type="fig"}. The sharp peaks of the XRD patterns of the powder samples indicate a high degree of crystallinity for each of the three phenothiazines. For film samples, on the other hand, the XRD pattern of **O-1** indicates the presence of crystalline material also in the film, in the same phase as in the powder, while amorphous patterns were obtained for the **O-2** and **O-3** films. The presence of crystalline phase is well in line with the annealing-induced spectral changes observed in **O-1** films ([Fig. 4a](#f4){ref-type="fig"}) and the absence of such changes for **O-2** and **O-3**.

XRD investigations of the films confirm that the outstanding bulk hole mobility in **O-1** films can be ascribed to the presence of crystalline phases, completely absent in the layers deposited from the other two phenothiazines. The high degree of ordering of **O-1** is probably due to its more compact and less twisted molecular structure as compared to **O-2** and **O-3.** The latter ones have bulkier substituents in the C(7) position, which are able to freely rotate (see the computational analysis), thereby decreasing the system order. Despite some exceptions on increased charge mobility with decreased π-π stacking[@b66], shorter π-π stacking distances typically leads to higher charge carrier mobility[@b1][@b67][@b68]. Hence, a better π-π stacking in case of **O-1** could be responsible for its high hole mobility (*ca*. 10^−3^ cm^2^ V^−1^ s^−1^) whereas the more twisted nature of **O-2** and **O-3** leads to poor mobilities (*ca*. 10^−6^ cm^2^ V^−1^ s^−1^). These low mobility values are comparable to those reported in the literature for other solution-deposited[@b32][@b33][@b34][@b35][@b69] and thermally evaporated[@b70] phenothiazine derivatives. To the best of our knowledge, the mobility of **O-1** is the highest reported for phenothiazine-based small molecules, without complexation with iodine.

Computational analysis
----------------------

In order to get further insight into the electronic nature of the newly synthesised phenothiazines and to support our suggestion for the higher hole mobility of **O-1**, the compounds were studied by Density Functional Theory methods. Compounds **O-1** and **O-2** were optimised at the PBE1PBE/6-31G\*\* level of theory, as well as **O-3**, simplified by replacement of the *n*-butyl chain with a methyl (**O-3(Me)**), and a detailed computational analysis can be found in the SI. The conformational analysis of the three phenothiazines studied showed that in the ground state the preferential conformations of the compounds are slightly bent in the phenothiazine heterocyclic ring and adopt a butterfly shape. The presence of different substituents at the C(7) position of the phenothiazine has little or no effect on the dihedral angles made by the two aromatic rings, being about 19--20° for the three molecules studied. The introduction of aryl substituents at C(7) position of phenothiazines **O-2** and **O-3(Me)** does not encumber the resonance between the substituents and the phenothiazine ring, although such substituents are preferentially placed ca. 34° out of the plane. The rotation of these substituents about the C-C bonds requires only 3.4 kcal/mol, which might explain the above-mentioned disorder of these systems and the absence of π-π stacking suggested for **O-1**.

The electronic distribution in HOMO and LUMO levels are presented in [Fig. 8](#f8){ref-type="fig"}. The electron density distribution in the LUMO of the phenothiazines is mainly localised on the malononitrile end group and the adjacent benzene ring, while in **O-2** and **O-3(Me)** the HOMO orbitals are delocalised over the phenothiazine moiety and its C(7) substituents. Clearly, introduction of electron-rich substituents in the C(7) position of the phenothiazine increases their HOMO energy while keeping the energy of LUMO orbitals localised on the acceptor end. The λ~max~ found reflects the observed experimental trends, although the absolute values for the excitation energies are overestimated by the method (by *ca.* 0.9--1.1 eV). As similar electronic features were determined for these three phenothiazines, the higher charge mobility of **O-1** should not be attributed to the modification of the electron density by introduction of substituents at C(7), but to the lower degrees of freedom of **O-1**.

Conclusions
-----------

A series of new donor-acceptor systems based on C(7)-substituted phenothiazine derivatives was synthesised with good overall yields. The presence of crystalline phases in spin-coated films prepared with the unsubstituted phenothiazine **O-1**, arising from the chemical structure of the compound, likely leads to excellent π-π stacking. While the introduction of bulky *para*-methoxyphenyl and 6-butoxynaphthyl terminal groups in C(7) position of **O-2** and **O-3** has a weak impact on the optical and electrochemical characteristics of the compounds, it has a strong influence on the structural properties of the related spin-coated thin films. In fact, disorder is introduced into **O-2** and **O-3** compounds, by making them more twisted, as the rotation of the bulky substituents requires as little as 3.4 kcal/mol. This explains the observed amorphous nature of **O-2** and **O-3** films. The values of the bulk hole mobility of **O-2** and **O-3** samples (in order of 10^−6^ cm^2^ V^−1^ s^−1^) lie in the typical range of state-of-the-art phenothiazines, while **O-1** shows an outstanding mobility in the order of 10^−3^ cm^2^ V^−1^ s^−1^, the highest reported for phenothiazine-based materials. The achievements of this study provide a strong motivation to further design phenothiazine-based donor-acceptor systems with high bulk mobility, to be adopted as hole-transport materials for organic electronics. Work in this direction is underway and will be reported in future publications.

Methods
=======

Synthesis
---------

All chemicals were purchased from Sigma Aldrich and were used without further purification. The chemical reactions were carried out using round-bottom flasks and Schlenk tubes under argon or nitrogen environment. ^1^H NMR and ^13^C NMR spectra were recorded on Bruker spectrometer (^1^H, 400 MHz and ^13^C, 100 MHz) in CDCl~3~. Chemical shifts were given in ppm with reference to tetramethyl silane (TMS). Molecular mass was determined by using Thermo Scientific Q-Exactive Accela 1250 pump mass spectrometer. Purification of the products was carried out by column chromatography on silica gel 60 (Sigma Aldrich) with mesh size 0.040--0.063 mm. The complete details on the synthesis of **O-1**, **O-2**, **O-3** and their intermediate products are provided in SI.

Spectroscopic measurements
--------------------------

The steady-state absorption spectra were measured with a Shimadzu UV-3600 UV/Vis/NIR spectrophotometer both in solution and in thin films. Thin films of the three compounds were deposited by spin-coating (WS-400B-6NPP/LITE, Laurell Technologies) from CHCl~3~ solution (1700 rpm, 1 min) onto clean glass substrates.

Electrochemical Measurements
----------------------------

Differential pulse voltammetry (DPV), for HOMO/LUMO determination of the target compounds, was performed by employing a potentiostat (Compact-Stat, Ivium Technologies) and a three-electrode cell configuration. Dry tetrabutyl ammonium tetrafluoroborate in dichloromethane (0.1 M) was the supporting electrolyte, glass platinum electrode the working electrode, Pt wire the counter-electrode, and Ag/AgCl wire the pseudo-reference electrode. Ferrocene/ferrocenium (Fc/Fc+) couple was used as an internal standard reference to scale the measured potentials against the vacuum level[@b17]. All solutions were deoxygenated with N~2~ prior to each experiment. The measurements were carried out between −2.2 V and 2.0 V, scanning in both directions with scan rate of 50 mV/s The HOMO energy levels were calculated from the oxidation potentials observed from the DPV curves according to the equation:

where E~ox~ is the oxidation potential of the sample and E~Fc/Fc+~ the potential of ferrocene. E~ox~ and E~Fc/Fc+~ are both referred against the Ag/AgCl reference electrode. The value −4.80 eV is the energy level of ferrocene against vacuum[@b71]. The LUMO levels were derived from the optical bandgap, since no clear reduction peaks could be appreciated from the DPV curves:

Charge carrier mobility measurements
------------------------------------

Hole-only devices were prepared in the sandwiched structure ITO/PEDOT:PSS/phenothiazine/MoO~3~/Au, where ITO is indium tin oxide and PEDOT:PSS is poly(3,4-ethylenedioxythiophene)/polystyrene sulphonic acid (CLEVIOS P VP AI 4083, H.C. Starck). ITO-coated glass substrates were first cleaned in detergent and water, then ultrasonicated in acetone and isopropyl alcohol for 15 min each. The layer of PEDOT:PSS (\~40 nm) was spin-coated at 4000 rpm onto the ITO-glass substrates, and baked in an oven at 120 °C for 10 min. The phenothiazine layers were deposited under ambient conditions by spin-coating (300 rpm) from chlorobenzene solutions (65--70 g/l). After the deposition, the films were transferred in an Ar-filled glove-box, where a thermal treatment was applied to remove the excess solvent before the top contact deposition. The MoO~3~ layer (5 nm) and the Au top electrode (100 nm) were thermally evaporated at a base pressure of 4 × 10^−6^ mbar through a shadow mask defining a device active area of 8 mm^2^.

The electrical characterization of the devices was carried out at room temperature in glove-box. Impedance spectroscopy measurements were conducted using an Agilent 4294A impedance analyzer. The impedance measurements were done in the frequency range 40 Hz--1.4 MHz, with an amplitude of the harmonic voltage modulation of 20 mV. The dc bias was varied in the range 0 V--14 V.

XRD investigation
-----------------

The powder samples were analysed in an aluminium sample-holder 0.2 mm deep. The film samples were deposited on quartz plates by using the same conditions used for the preparation of the phenothiazine layers for hole-only devices. After the deposition, the film samples were thermally annealed in the same conditions used for the related devices. The XRD scans were performed in the interval 5--60° (2theta) with a PANalytical X'Pert diffractometer in reflection geometry equipped with a copper anode (λmean = 1.5418 Å) and a fast X'Celerator detector.

Computational Calculations
--------------------------

Full geometrical optimizations were performed by Density Functional Theory[@b72] using PBE1PBE/6-31G\*\* hybrid functional and influence of solvent (CHCl~3~) was taken into account by the application of the polarized continuum model using the Gaussian09 program. The vertical excitations of the optimized ground state geometries were further calculated with the time-dependent DFT (TDDFT)[@b73] method and the linear response PCM (CHCl~3~ as solvent) to determine the first-six transitions. A full account on the computational details and the corresponding reference list are presented as SI.
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![Chemical structures of the phenothiazine derivatives **O-1**, **O-2**, and **O-3**.](srep46268-f1){#f1}

![Synthesis of push-pull organic semiconductors **O-1**, **O-2** and **O-3**.\
Reagents: (i) 4-Iodoanisole, Cu, K~2~CO~3~, TEGDME, 180 °C; (ii) POCl~3~, DMF, C~2~H~4~Cl~2~, 80 °C; (iii and (vii) CH~2~(CN)~2~, Piperidine, CHCl~3~, reflux; (iv) N-Bromosuccinimide, CHCl~3~, rt; (v) 4-methoxyphenyl boronic acid, Pd(PPh~3~)~4~, K~2~CO~3~ (2M), THF; (vi) 2-(6-butoxynaphthalen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxoborolane, Pd(PPh~3~)~4~, K~2~CO~3~ (2M), THF; (viii) 1-bromobutane, KOH, DMSO, rt; (ix) bis(pinacolato)diboron, Pd(dppf)Cl~2~, KOAc, 1,4-dioxane, 80 °C.](srep46268-f2){#f2}

![(**a**) molar absorptivity (ε) of **O-1**, **O-2** and **O-3** in chloroform solution; (**b**) absorption spectra of freshly prepared films of the target compounds.](srep46268-f3){#f3}

![Normalised absorption spectra of **O-1** (**a**), **O-2** (**b**) and **O-3** (**c**) films, spin-coated from chlorobenzene solutions. Spectra of as-cast freshly deposited films, of as-cast films after 10 h at room temperature, and of thermally annealed films are shown.](srep46268-f4){#f4}

![ImZ as a function of frequency for hole-only devices made of **O-1** (**a**), **O-2** (**b**) and **O-3** (**c**) films at different values of the dc voltage (the arrows indicate increasing voltage). Film thickness: 920 nm, 575 nm and 470 nm for **O-1**, **O-2** and **O-3**, respectively.](srep46268-f5){#f5}

![Bulk hole mobility of **O-1**, **O-2** and **O-3** as a function of the square root of electric field.\
For **O-2** and **O-3** the lines indicate the linear fit to the experimental data.](srep46268-f6){#f6}

![XRD patterns of powder samples (p) and film samples (f).\
All patterns are subtracted for the background of the substrates in order to enhance the presence of halos due to the amorphous component. The recorded patterns are reported in [Figure S14](#S1){ref-type="supplementary-material"}. Film samples were prepared and thermally treated in the same conditions used for the preparation of hole-only devices.](srep46268-f7){#f7}

![Energy levels and electron distribution for frontier molecular orbitals of **O-1**, **O-2** and **O-3**(Me) calculated with DFT at PBE1PBE/6-31G\*\* level of theory (isosurface value = 0.04).](srep46268-f8){#f8}

###### Optical, electrochemical, and thermal characterisation of **O-1**, **O-2**, and **O-3**.

  Compound    λ~max,~ (nm)^a^   ε at λ~max~ (M^−1^cm^−1^)   λ~max~ (nm)^b^   E~g~^opt^ (eV)   E~g~ (eV)   HOMO^DPV^ (eV)^c^   LUMO^opt^ (eV)^d^   T~d~/T~m~ (°C)^e^
  ---------- ----------------- --------------------------- ---------------- ---------------- ----------- ------------------- ------------------- -------------------
  **O-1**        330, 490                30 437                333, 500           2.06          2.09            −5.29               −3.16              302/199
  **O-2**        331, 507                25 757                324, 518           2.02          2.08            −5.24               −3.23              386/194
  **O-3**        523, 509                24 957                325, 521           2.00          2.08            −5.24               −3.27              404/163

Wavelengths corresponding to the absorption maxima in ^a^10^−5^ M chloroform solution and in ^b^film samples, spin-coated from chloroform solution. ^c^HOMO^DPV^ values were determined experimentally by DPV measurements. ^d^LUMO^opt^ is derived from optical bandgap (Eg), *i.e.* from the onset of the absorption spectrum (E = hc/λ). LUMO^opt^ = E~g~^opt^ − HOMO^DPV^. ^e^T~d~ is determined from TGA (see [SI](#S1){ref-type="supplementary-material"}), T~m~ measured with open capillary method.
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